The effect of three different anode shapes, flat, tapered and hemispherical, on the x-ray emission characteristics of a neon filled UNU-ICTP plasma focus device is investigated. The current sheath dynamics, in the radial collapse phase, has been simultaneously interrogated using the laser shadowgraphy method to understand the variation in x-ray emission characteristics for anodes of different shapes used in the experiments. The maximum neon soft x-ray (SXR) yield for the flat anode is about 7.5 ± 0.4 J at 4 mbar, whereas for hemispherical and tapered anodes the neon SXR is almost halved with the optimum pressure shifting to a lower value of 3 mbar. The laser shadowgraphic images confirm that the reduction in the overall neon SXR yield is due to the reduced focused plasma column length for these anodes. The relative HXR yield was the highest for the hemispherical anode followed by the tapered and the flat anodes in that order. The shadowgraphic images and the voltage probe signals confirmed that for the hemispherical anode the multiple-pinch phenomenon was most commonly observed, which could be responsible for multiple HXR bursts for this anode with maximum HXR yields.
Introduction
Dense plasma focus (DPF) is essentially a pulsed electric gas discharge between coaxially arranged electrodes. DPF devices belong to the family of dynamic Z-pinches which are self-constricted plasma configurations. They were originally developed in the early 1960s independently in the former Soviet Union (Filippov type) [1] and the USA (Mather type) [2] with D/H > 1 and D/H < 1, respectively, where D and H are the diameter and the height of the anode, respectively. Recently, some investigations [3, 4] have been done on the development of small PF devices operating in the range of tens to hundreds of joules of capacitor bank energy instead of the kilojoule or megajoule range. The DPF devices are pulsed plasma generators with a relatively simple operating principle that makes use of a self-generated magnetic field, 4 Author to whom any correspondence should be addressed.
for compressing the plasma to very high densities (≈10 25 -10 26 m −3 ) and high temperatures (1-2 keV). The DPF has been historically established as a fusion device due to the intense bursts of neutrons it produces when operated in deuterium. The DPF device, however, is not only a source of fusion neutrons [5] but also produces highly energetic ions [6] , relativistic electrons [7] and an abundant amount of soft x-ray (SXR) and hard x-ray (HXR) [8] [9] [10] [11] .
An important part of the experimental studies on x-ray and particle emission from DPF is oriented to interesting applications such as contact microscopy, x-ray and electron beam lithography, x-ray radiography and micro-machining [12] [13] [14] [15] [16] [17] [18] . In these applications, it is important to be able to accurately monitor and measure the SXR yield or dosage. Typically, silicon PIN diodes, together with appropriate filters, have been employed as pulsed x-ray detectors [19, 20] . The PIN diode's inherent fast rise times, high quantum efficiency and excellent stability in intense radiation environments make it well suited as x-ray detectors for pulsed plasma devices. In particular, the BPX65 type PIN diode has been commonly used. It has been used not only for measuring the SXR yield [15] but also to monitor the temporal characterization of x-ray emission [21, 22] and to determine the time-resolved plasma electron temperature [23] . The nanosecond N 2 -laser shadowgraphy is used as an effective method of assessing plasma dynamics by providing a quick and comprehensive picture which would be difficult to obtain by other methods.
Previously, the effect of anode shape on argon x-ray energy and also on SXR energy from nitrogen and hydrogen plasmas was studied for Mather-type PF by Zakaullah et al [24] and Bhuyan et al [25] . In this paper, the effect of anode shape on the plasma focus neon SXR and also on the current sheath configuration in the radial collapse phase is investigated and reported. To the best of our knowledge, this is the first paper that reports the effect of anode shape on the current sheath configuration and dynamics by the laser shadowgraphy method to understand the radiation emission characteristic of a neon filled DPF device fitted with different anode shapes.
Experimental setup and diagnostics
We used the DPF device designated at the United Nations University-International Center for Theoretical Physics Plasma Focus Facility (UNU-ICTP PFF) [26] . The twodimensional view of the DPF device is shown in figure 1 . It is a Mather-type focus device, energized by a single 30 µF, 15 kV fast discharging capacitor, with maximum energy storage of 3.3 kJ. In our investigation, the device was operated at a charging voltage of 14 kV. The typical peak discharge current is about 170 kA. The electrode system consists of an anode and a cathode consisting of six copper rods arranged in a circle of 6.4 cm diameter concentric with the anode. A schematic of the different types of anodes used in this investigation is given in figure 2 . The anode length in each case is 160 mm, measured from the cathode base plate. The diameters of the flat, hemispherical and tapered anodes in the radial phase are 19 mm, 10 mm and 10 mm, respectively. The insulator sleeve is made of Pyrex glass and the device is operated with neon as a working gas.
We performed shadowgraphy to study the symmetry and shape of the fast moving current sheath in the axial and radial collapse phases of the DPF device equipped with anodes of different shapes. The setup of the shadowgraphy system is shown in figure 3 . It consists of (a) a 337.1 nm home-made TEA nitrogen laser as a source, (b) a telescopic arrangement of two lenses L1 and L2 to obtain the probing laser beam of 30 mm diameter, (c) an imaging system consisting of lenses L3 and L4 to obtain a proper magnification of the laser probing window on a CCD camera chip, (d) two narrow bandpass interference filters, centred at 340 nm, to cut off most of the unwanted plasma light, (e) a JETVIEW Jb-361 CCD (Charge Coupled Device) camera and (f) a video capture card, coupled to the CCD camera, operated using mgrab ® programmed on the Linux ® platform to record the shadowgraphs. The laser probing window of about 30 mm diameter was used to record the shadowgraphs of the plasma at various stages of plasma focus dynamics. In order to cut off most of the plasma light, an aperture stop of approximately 1 mm diameter was placed in the focal plane of lens L3. A delay unit was used in laser flash line to introduce a suitable delay to capture shadowgraphs at different time instants.
The voltage across the DPF was monitored by a voltage probe (resistive divider). The voltage probe signal with a laser pulse signal is shown in figure 4 . The laser timing instant (t l ) of the shadowgraphs has been obtained using the laser pulse (captured using a BPX65 photodiode) and the voltage probe signals. The time t l is the time difference between the first peak of the voltage probe signal (t = 0) and the laser flash time instant and it is marked in figure 4 . It may be noted that the uncertainty in the laser time instant, caused by the digitizing step size of the oscilloscope, is about 5 ns.
The diagnostic used to record the x-ray emissions in the DPF was a five channel diode x-ray spectrometer (DXS). The DXS provided information on the time evolution of x-rays in the DPF. The signals from DXS were also used to estimate the total radiated x-ray energy [26] . The five channel DXS assembly consisted mainly of an array of five windowless silicon p-i-n diodes (BPX65) covered with different x-ray filtration foils. The whole assembly was housed inside a small chamber. Individual bias voltage was provided by a regulated power supply having five output terminals each of −45 V. The BPX65 photodiode with the bias circuit is shown in figure 5 . A four channel digital storage oscilloscope (5 GS s −1 , 1 GHz) was used to record x-ray signals. The attenuating filters used in four channels were 20 µm aluminium, 10 µm aluminium + 125 µm Mylar, 16 µm Co + 125 µm Mylar and 20 µm Ni. In our experiment we used two channels (covered with 20 µm Al and 10 µm Al + 125 µm Mylar) to calculate the SXR yield. The silicon diode sensitivity curves with these two filters for photons up to 10 keV energy are plotted in figure 6.
Experimental results

Neon x-ray emission results
For the measurement of the neon SXR yield, we used two filters which have overlapping sensitivities for the HXR region whereas their sensitivity for SXR is significantly different, as shown in figure 6 . In plotting the sensitivity curve shown in figure 6 , the characteristics of the BPX65 photodiode were taken into account. The radiation sensitive area, intrinsic silicon wafer thickness and dead layer thickness are 1 mm 2 , 10 µm and 0.5 µm, respectively. Figure 6 shows that both DXS channels covered with 20 µm aluminium and 10 µm aluminium plus 125 µm Mylar filters transmit HXRs, which are emitted mainly by electron bombardment of anode material. One may also note, from figure 6, that the thermal neon plasma, which radiates in the SXR range of 900-1550 eV [27] , will not generate any signal on the DXS channel covered with 10 µm aluminium plus 125 µm Mylar filter. The oscilloscopic traces of x-ray signals for typical plasma focus shots are shown in figure 7. In these traces, x-ray signals for optimum pressure (in that pressure the yield of SXR is maximum) operation for each of the different anode shapes are provided. The SXR and HXR peaks (or their combinations) are identified in figure 7 on the basis of the difference in the area under the identified peaks as well by taking into account the estimated cross calibration factors of the PIN diodes involved in the recording of these signals: for the peak identified as SXR there is hardly any signal on the second channel, for the peak identified as HXR the area under the peaks on both channels is approximately the same and the peak identified as a mixture of SXR and HXR components has an area under the peak on channel 1 bigger than that under channel 2.
The flat anode, for optimized pressure, during the first pinch phase mostly radiates in the SXR regime corresponding to characteristic neon line emissions and hot neon plasma bremsstrahlung emissions. This is indicated by strong SXR peaks, S1 and S2, from the channel covered with a 20 µm aluminium filter in figure 7(a) and almost no signal on the other channel corresponding to S1 and a relatively weak HXR peak H1 corresponding to S2. It may, however, be noted that during the subsequent pinching the plasma focus mostly radiates HXRs as indicated by similar peaks, H2, H3 and H4, from the two channels of DXS. A careful analysis of figures 7(b) and (c) shows that for the plasma focus with tapered and hemispherical anode shapes, both SXRs and HXRs are emitted during all the pinch phases of plasma focus as indicated by relatively similar signal strengths on the two channels. This means that for HXR production the tapered and the hemispherical anodes are better while the flat anode is the best option for neon SXR emission.
For all the three anode configurations, we scanned the neon gas filling pressure and recorded fifteen shots for each of the selected pressure. For minimizing the effect of impurities we used a continuous flow of gas. The averages of the total SXR yields for three different anodes and different gas pressures are shown in figure 8 . The maximum SXR energy is 7.5±0.4 J for the flat anode, 4.0 ± 0.3 J for the tapered anode and 3.3 ± 0.2 J for the hemispherical anode.
Shadowgraphy results
The current sheath evolution in the radial collapse phase of the plasma focus device for three different anode shapes is shown in laser shadowgraphic sequences shown in figure 9 . As seen from this figure, the current sheath shape and its thickness are affected by the anode shapes. It is clearly seen from these images that the length of the pinched plasma column is significantly reduced for the tapered and the hemispherical anodes as compared with the flat anode, which is a direct result of the reduced anode radii used for these two anodes. This fact is more obviously noticed in the set of shadowgraphs provided in figure 10 . The shadowgraphs shown in figure 10 are taken at a time instant of 35 ns before maximum compression, i.e. final pinch plasma column formation. In these pictures, the space between the flat top of the current sheath and the anode tip is 3.7 mm, 2.5 mm and 1.3 mm for the flat, tapered and hemispherical anodes, respectively.
Another interesting observation is that of shadowgraphic imaging evidence of multiple pinches in figure 11 , more so often for the hemispherical anode. One may argue that they do not actually show 'several pinches' but probably show only several consecutive current sheaths which may or may not produce several pinches. However, it can logically be concluded, as discussed in detail in section 4.2, that some of these shadow images taken for the hemispherical anode do provide shadowgraphic evidence of multiple-pinch observation in the plasma focus device. 
Discussion
X-ray emission with anodes of different shapes
The reduction in the overall neon SXR yield for the tapered and the hemispherical anodes as compared with that of the flat anode, which is shown in figure 8 , may be simply attributed to the reduction in the focused plasma column length for these anodes. The effective final anode radii for those geometries are approximately half of that of the flat anode. It is well known that the typical length and diameter of the pinch plasma column are directly related to the anode radius [28] . This argument is well supported by the shadowgraphic results, shown in figures 9 and 10, that the length of the pinched plasma column is significantly reduced for the tapered and the hemispherical anodes as compared with the flat anode due to reduced anode radii of these two anodes. Hence, the decrease in the radiating pinch plasma volume is responsible for the lowering of the neon SXR yield for the tapered and the spherical anodes used in this investigation as they have lower radii.
One of the effects of anode shape on neon SXR emission from the plasma focus, as seen in figure 8 , is the shift in its optimum working pressure condition to lower pressures of 3 mbar for the tapered and the hemispherical anodes. For the UNU-ICTP machine with neon as a working gas, the optimum pressure is 4 mbar [21] for the flat anode. Experiments with the flat anode also confirm this pressure.
The quantity I 0 /(a √ ρ 0 ), defined as the speed factor [29] and directly related to the axial and radial speeds of current sheaths, is reported to have a consistent value of about 89 ± 7 kA cm −1 Torr −1/2 for optimum neutron production for a wide range of plasma focus devices. The value of the speed factor for the SXR optimized pressure of 3 mbar for the tapered and the hemispherical anodes is significantly high at about 227 kA cm −1 Torr −1/2 due to reduced anode radius and lower optimized pressure, while for 4 mbar optimized pressure of the flat anode it is about 103 kA cm −1 Torr −1/2 which is close to the typical value. This is an interesting observation as we expect that probably the speed factor enhancement (or increased axial/radial speed) for the tapered and the hemispherical anodes due to almost halving of the anode radius will allow this device to be operated at a higher filling gas pressure. This is because almost similar speed factors will be obtained for two different anode configurations with (i) one having an anode of radius a and operated at an ambient gas density of ρ 0 and (ii) another having an anode of radius a/2 but operated at an ambient gas density of 4ρ 0 . As the anode length is kept the same and the second anode is tapered only over the last few centimetres of its length, the dynamic plasma inductance does not change significantly, especially for our UNU-ICTP device, as compared with the static inductance of the device which is about 110 nH. Hence the impedance and the peak discharge current do not change significantly. So, the enhancement of SXR emission will be expected if the optimized operation regime is shifted to a higher pressure. In the NX2 device, the change in anode shape from flat to tapered resulted in a high pressure operation regime with a significant increase in the neutron yield [30] . This investigation, however, reveals that this is not the case when it comes to SXR emission from the UNU-ICTP device and that too specifically for neon as the filling gas; the higher speed factor does not result in the shift in the SXR optimized regime towards higher neon operating pressures.
The observation and discussion in the preceding paragraph leads to the conclusion that for SXR emission from neon gas, the optimized speed factor values are different from that of neutron emission from deuterium. This is not unexpected, because to have a similar current sheath speed, an optimum neon pressure can be obtained by multiplying the optimum deuterium pressure by
and M Ne are molar masses of deuterium and neon), i.e. about √ 5 times less as compared with that of deuterium optimum pressure. Knowing that the NX2 device for the tapered anode gives a maximum neutron yield at 20 mbar [30] , the neon SXR maximum can be expected at about 9 mbar, while we got the maximum neon SXR yield at about 5-6 mbar [16] . Another important point to take note of is that the higher the current sheath speed during the radial collapse phase (i) the higher will be the pinch plasma temperature causing the increase in the thermonuclear component of neutron emission and (ii) the faster will be the changes in the pinch inductance resulting in hence a higher electric field and hence more efficient acceleration of deuterons resulting in increased beam-target component of the neutron yield. However, for the neon SXR emission the plasma temperature of about 200 eV is required for the maximum line radiation yield and it is for this reason that for the neon filled plasma focus operation the SXR emission starts during the early part of the radial collapse phase [31] and higher temperatures at higher speeds may reduce the neon line radiation emission efficiency. Hence, for optimized SXR operation we should not be comparing the speed factor value with 89 ± 7 kA cm −1 Torr −1/2 reported for optimized neutron emission [29] but to some other value depending on the gas used in the machine. Figure 12 shows the average number of x-ray peaks measured with a photodiode covered with 10 µm aluminium plus 125 µm Mylar. This is the number of HXR peaks. As is evident from figure 7 , also discussed before, the plasma focus with tapered and hemispherical anodes emits both SXR and HXR in the compression and quiescent phases whereas the flat anode radiates mostly in the SXR range. Figure 12 also emphasizes that the average number of HXR peaks produced by the tapered and the hemispherical anodes is much more than that for the flat anode in the optimum pressure regime of 3-4 mbar. At low pressure operation, they all essentially emit in the HXR regime.
The area under the curve of signal from the photodiode covered with aluminium (10 µm) + Mylar (125 µm) filter is proportional to the HXR emission yield which is shown in figure 13 . From this figure one can note that the highest and the lowest HXR yields, at all neon operating pressures, are obtained for the hemispherical and the flat anodes, respectively.
Another interesting feature to note is the continuous increase in HXR emission with the decreasing filling gas pressure, for all the anode shapes, which confirms that at smaller pressures the higher current sheath speeds make the plasma column more unstable and hence the instability accelerated electrons produce HXRs more efficiently.
Discussion on shadowgraphic observations
The shadow images shown in figure 10 are taken at similar time instants (−35 ns) before the final pinch column formation and hence it can be inferred from these images that the length of the pinch plasma column is the highest for the flat anode. Among the other two anodes, even though they have a similar final anode radius of 5 mm, the tapered anode will have a longer pinch column as compared with that of the hemispherical anode. The shadowgraphic results therefore suggest that the axial elongation of the current sheath, which controls the final pinch plasma column length, depends on the anode shape and hence contributes towards the different radiation yields from the anodes of different shapes.
As mentioned before, some of the shadow images shown in figure 11 do provide concrete evidence of multiple-pinch observation. For example, the shadow images captured at +165 and +175 ns, shown in figures 11(b) and (d), respectively, clearly show multiple pinching as the arrows labelled as '3' and '2' show the second pinch at the time instants of images as the sheath profile is similar to that of the pinching current sheath during the first pinch. The positive sign for the laser pulse time basically means that the images are captured at time instants after the first voltage probe peak, i.e. after the first pinch has already taken place. The arrow labelled as '1' points to the main current sheath whose central part, closer to the anode, participated in the first pinch earlier while the outer part, which is not disintegrated, is still in axial motion down the chamber. In fact, the shadow images shown in figures 11(b) and (d) clearly show the bubble formation on the frontal part of the current sheath marked by arrow '1', which is the evidence of strong focusing action during the first pinch (refer figure 6(c) of [32] , figure 6(b) of [33] and last shadow images in figures 7(a), (b) and (c) of this paper). It has been reported that the m = 0 instabilities enhance the induced electric field which accelerates ions towards the top of the chamber which in turn cause an ionization front which soon overtakes the axial shock front (formed due to axial expansion of the current sheath) and develops into a bubble structure [34] . Hence, we can conclude that some of these shadow images, particularly the ones shown in figures 11(b) and (d), provide shadowgraphic evidence of multiple pinches with a bubble structure, on the current sheath labelled as arrow '1', indicating the previously occurring pinch and the second or third ongoing pinch of current sheath labelled as arrow '2' or '3'.
The formation of successive multiple pinches, observed in figure 10, can be explained in the following way: in the axial rundown phase, the snow plough efficiency of the current sheath is not 100% and hence this leaves back an atmosphere of low density neutral gas near the insulator sleeve. The first pinch/compression phase, indicated by the first peak in the voltage probe signal, is shown in shadowgraphs of figures 9 and 10. At this instant, another discharge on the insulator is produced and a second current sheath is produced which owing to the low density of gas in front of it moves much faster and collapses at the anode top as a second pinch/compression phase. This phenomenon can occur more than twice or thrice due to restrikes at the lower end of the electrodes generating multiple pinches. As the intensity of current as well as the non-plowed gas density is expected to decrease after each successive restrike, sheath formation, upward movement and compression, it becomes increasingly difficult to observe them shadowgraphically though the voltage probe signal will still show the spike corresponding to each pinching phase. Multiple-pinch column formation and their successive disintegration by instabilities may be responsible for successive energetic electrons and, thus, HXR generation in the plasma focus operating at low pressures or the plasma focus device with hemispherical and tapered anodes. The use of reduced anode radii for the tapered and the hemispherical anodes has resulted in higher speed factors for these anodes which probably brings in greater instability in the current sheath dynamics in the plasma focus device and hence in the multiple-pinch formation.
Conclusions
The change in the anode shape is found to affect the current sheath configuration and the x-ray emission characteristics of the neon filled UNU-ICTP plasma focus device. The maximum neon SXR yield for the flat anode is about 7.5 ± 0.4 J at 4 mbar and 4.0 ± 0.3 and 3.3 ± 0.2 J for the hemispherical and the tapered anodes, respectively, both at 3 mbar. The laser shadowgraphic images confirm that reduction in the overall neon SXR yield for the tapered and the hemispherical anodes can be attributed to the reduction in the focused plasma column length for these anodes as their radii were approximately half of that of the flat anode. It was also noticed that the relative yield of the HXR component was the highest for the hemispherical anode followed by the tapered and the flat anodes in that order. The shadowgraphic images and voltage probe signals confirmed that for the hemispherical anode the multiple-pinch phenomenon was most commonly observed which could be responsible for multiple HXR bursts for this anode with maximum HXR yields.
